Objectives-We sought to evaluate renal parenchymal elasticity with Virtual Touch quantification of acoustic radiation force impulse imaging in nutcracker syndrome and to compare shear-wave velocity (SWV) values with grayscale Doppler sonography and laboratory findings.
N utcracker syndrome is characterized by renal venous hypertension caused by the compression of the left renal vein between the aorta and the superior mesenteric artery (SMA). This syndrome is manifested through left flank and abdominal pain, which is accompanied or not accompanied by hematuria. 1 Although the pathology causing nutcracker syndrome is not yet fully understood, the most popular theory is venous hypertension, which develops secondary to the left renal vein compression caused by the abnormal branching of SMA from the aorta. Nutcracker syndrome is one of the most important causes of hematuria and orthostatic proteinuria in children; however, the glomerular pathophysiological process contributing to this has not yet been clarified. 2 Although renal venography is the most reliable method for the diagnosis of nutcracker syndrome, it is not preferred because it is invasive. Doppler ultrasonography (US), computed tomography and computed tomography angiography, magnetic resonance imaging, and magnetic resonance angiography are frequently used noninvasive methods for the diagnosis of nutcracker syndrome. 2 Only a few ultrastructural studies have examined the renal pathological changes in nutcracker syndrome. These studies have indicated that hemodynamic and structural changes in the glomerular basement membrane glycosaminoglycan might have caused proteinuria and that multiple factors might influence this process. 3 Acoustic radiation force impulse (ARFI) is a recently established, noninvasive, inexpensive, safe, and convenient, sonography-based diagnostic technique for evaluating the elastic properties of tissues. [4] [5] [6] In this modality, instead of outer compression, short-term (0.03-0.4 msec), high-powered (2.67 MHz frequency) acoustic repulsive radiation force is applied to the tissue within a region of interest through US transducers. 7, 8 This acoustic force causes small translocations in the tissue (1-10 lm). On the horizontal plane, these translocations are called "shear wave." The velocity of these waves in the tissue can be measured through high-speed advanced US sampling techniques. In ARFI imaging, "shear-wave" velocity (SWV) is given in meters per second. The classic parameter to describe tissue stiffness is Young's modulus of elasticacity, which is directly proportional to the square of the SWV. 9 "SWV is directly associated with the stiffness of the tissue (m/sec). The force applied to the tissue is constant, and the only variable is SWV. Thus, the speed values obtained show the tissue elasticity values. The limitation of user dependence in strain elastography is overcome. The clinical use of ARFI and its contributions to diagnosis are still being investigated; however, studies have shown its contributions to diagnosis in breast, thyroid, liver, pancreas, kidney, testicle, and prostate diseases. 5, 10 This study evaluates the possible renal parenchyma elasticity changes of the left kidney as a result of venous hypertension in nutcracker syndrome and the association between these elasticity changes and grayscale Doppler US and laboratory findings. To our knowledge, this study is the first study to examine the use of ARFI for renal parenchymal changes in nutcracker syndrome.
Materials and Methods
Patients Forty-three patients (age range 5-17 years, mean age 6 SD 13.51 6 3.2 years; female, 25; male, 18) with an nutcracker syndrome diagnosis of at least 6 months and 38 healthy volunteers (age range 5-17 years, mean age 6 SD 12.88 6 3.2 years; female, 25; male, 13) were included in the study. The ethical board of our hospital approved this prospective study in accordance with the 1975 Helsinki Declaration, and written consents were taken from the families of all patients. Nutcracker syndrome diagnosis was made based on the radiological (such as peak velocity ratio, left renal vein diameter ratio), clinical (pain, body mass index [BMI]), and laboratory findings (presence of proteinuria and/or hematuria). None of the patients was given medical therapy, including angiotensin-converting-enzyme inhibitors. The patients' BMI, age, and standard deviation score (SDS) calculations of these values, plus the gender, weight, creatinine (Cr), and glomerular filtration rate (GFR) values were recorded. The control group was chosen from individuals who did not have a disease and whose Cr, GFR values, and urine tests were normal by taking their ages and gender distribution into consideration. All the volunteers in the control group had normal renal US.
Classification of Kidneys The kidneys evaluated through ARFI in this study were classified into three groups. 
Conventional and Doppler US Evaluation
Conventional US and Doppler US examinations ( Figure 1) were performed for the patients and the control group by a pediatric radiologist with 10 years' experience in pediatric sonography on a Toshiba Aplio XG SSA-790A (Toshiba Medical Systems Corporation, Otawara, Japan) US device by using a convex probe (frequency 3.5 MHz). All the patients were evaluated by holding their breath in supine position following a 15-minute rest and micturition.
In patients with nutcracker syndrome, renal size and hilar and aortomesenteric portion left renal vein sizes were evaluated on grayscale US at the end of the inspiration with breath holding. Renal size was measured with supine position in longitudinal section at the upper pole and lower pole. On Doppler US, hilar and aortomesenteric portion left renal vein peak velocity values and resistive index (RI) values of anterior renal segmental arteries for each kidney were measured at the end of the inspiration with breath holding. Doppler angle was kept under 60
. Hilar to aortomesenteric portion left renal vein peak velocity and vein diameter ratios were calculated and used in the statistical analysis. In the control group, renal sizes were recorded on grayscale US, and RI values of anterior renal segmental arteries were recorded with Doppler US.
ARFI Elastography
All ARFI elastography examinations were made by using a Virtual Touch tissue quantification application on an Acuson S2000 ultrasound system (Siemens Medical Solutions, Mountain View, CA) equipped with ARFI function. The value 1.6 was used as the mechanical index, and a curved array transducer (6C1HD; 4 MHz) of the Acuson S2000 US system convex probe was used.
Tissue harmonic imaging was employed to optimize US images. ARFI measurements were made by a different radiologist with elastography experience of 4 years who was blind to the nutcracker syndrome and control group patients. ARFI elastography measurements were made for all patients in prone position following micturition. A standard region-of-interest ROI cursor was placed on the renal cortex of the renal midportion, parallel to the main axis of renal pyramids, with just enough pressure to obtain the grayscale image, with breath holding to minimize breathing artifacts ( Figure 2 ). Renal medulla, sinus, and the surrounding tissues were carefully kept out of the sample. Five valid measurements were planned to be taken from each kidney of the patients and the mean value of these five measurements was expressed in meters per second by using a harmonic mean. In faulty measurements, the value "x.xx" was seen on the screen, and the measurement was repeated until a valid value was obtained. This ARFI procedure was formed to minimize the force applied on the transducer and sampling errors caused by noncortical tissues and the structural anisotropy of the kidney. 
Statistical Analyses

Results
Among the patients with nutcracker syndrome, 10 were admitted with incidental proteinuria, 11 were admitted with incidental hematuria, 19 were admitted with left plank pain. and 3 were admitted because they were found to have nutcracker syndrome-compatible findings while they were having imaging for different reasons. On laboratory examination, among the patients with nutcracker syndrome, 26 were found to have proteinuria, 16 were found to have microscopic hematuria, and 4 were found to have macroscopic hematuria.
Characteristic features of nutcracker syndrome patients are summarized in Table 1 . In the assessment of the nutcracker syndrome patients and the control group, a v 2 test was used to assess gender, whereas the MannWhitney U test was used to assess age, and no statistically significant difference was found (age P 5 0.348, gender P 5 .693). The comparisons between the two groups are summarized in Table 2 . No significant BMI SDS, body mass index standard deviation score; Cr, creatinine levels; GFR, glomerular filtration rate.
Bekci et al-Shear-Wave Elastography in Nutcracker Syndrome
difference was found between the two groups in terms of Cr and GFR. There was significant difference between the RI values of the nutcracker syndrome patients' right kidneys (N 5 43, RI 0.59 6 0.041) and left kidneys (N 5 43, RI 0.63 6 0.044; P < .001). When the SWV values of the left and right kidneys of nutcracker syndrome patients and healthy volunteers were examined, a normal distribution was observed. When the "affected" left kidneys (N 5 43, SWV 1.93 6 043) and "contralateral" right kidneys (N 5 43, SWV 2.53 6 0.45) of nutcracker syndrome patients were examined with a paired t test, SWV values were found to be statistically significantly low in the "affected" kidney (P < .001; Figure 3 ). No significant difference was found when the right and left kidney SWV values of healthy volunteers were compared (P 5 .067). Thus, the right kidneys of the control group were taken as reference in the next calculations. When the "affected" left kidneys of nutcracker syndrome patients and the right kidneys of "healthy" volunteers were compared, SWV values were found to be statistically significantly lower in the "affected" left kidney (P < .001). When the contralateral right kidneys of nutcracker syndrome patients and the right kidneys of healthy volunteers were compared, no statistically significant difference was found between SWV values. No significant correlation was found among all four kidneys and GFR, Cr, BMI SDS, vein diameter rate, and vein velocity rate. There was a positive correlation only between the vein diameter rates (n 5 44; 5.47 6 1.67) and vein peak velocity rates (n 5 44; 10.71 6 5.22) of nutcracker syndrome patients, as expected (P 5 .002).
Discussion
Normally, the left renal vein passes through between the aorta and SMA. However, its compression in this area causes left renal vein hypertension, the nutcracker syndrome. The potential space between the aorta and the SMA, which is the course of the left renal vein, is about 4-5 mm. 11 Retroperitoneal fat and the third segment of the duodenum provide a wide aortomesenteric angle here. However, disruption of the normal inverted-j configuration of the SMA causes narrowing in the aortomesenteric angle in nutcracker syndrome, and the narrowing of this angle from various causes leads to left renal vein compression. 2 As well as compression in the aortomesenteric angle, the left renal vein may have a retroaortic course, and it may be compressed in this area. Also Yun et al 12 showed that the pancreas and the liver may cause left renal vein compression by causing narrowing in the aortomesenteric angle. Fitoz et al 2 reported that, in nutcracker syndrome patients, the aortomesenteric angle rarely reached this normal configuration, and aortomesenteric angle values decreased. Shin et al 13 found a reverse correlation between BMI and peak velocity rates. They explained this result with visceral fat pad and changes between vascular structures causing a change in vascular anatomy. 13 In our study, BMI and SDS values were calculated and were found to be significantly low in nutcracker syndrome patients compared with healthy volunteers. Thus, nutcracker syndrome can be said to be the disease of tall and thin children. Although left renal venography is the most reliable method in diagnosis, its use, especially in children, is not preferred. Preferred diagnostic methods are computed tomography, magnetic resonance imaging, and Doppler US, and laboratory correlation is important in the diagnosis of nutcracker syndrome. 12 Compression of the left renal vein between the aorta and the SMA causes an increase in flow velocity in the left renal vein at the aortomesenteric angle, and this flow can be measured noninvasively by using Doppler US. Shin et al 13 used 4.1 as the peak velocity rate cutoff value on Doppler US, and this value has been found to have high diagnostic efficiency in children with microscopic hematuria. 13 In our study, the rate of peak velocity values of left kidney measured at the aortomesenteric angle and hilar level was found to be high in nutcracker syndrome (n 5 44; peak velocity ratio 10.71 6 5.22). Our study showed a positive correlation between the peak velocity ratio and the vein diameter ratio. This means that the highest vein diameter ratio causes the highest peak velocity ratio. Also, we found a significant difference between the RI values of the nutcracker syndrome patients' right kidneys and left kidneys. Patients' affected kidneys had higher RI values. This might be a result of parenchymal resistance caused by venous hypertension in affected kidney in nutcracker syndrome patients.
ARFI imaging is a US-based elastographic method and makes noninvasive assessment possible in liver fibrosis, portal hypertension prediction, spleen stiffness, thyroid nodules, prostate lesions, focal liver and renal lesions, renal fibrosis, and transplantation. 8, 14 When ARFI elastography is compared with conventional elastography, it has the advantage of giving absolute velocimetric values (in m/s) for a specific area of the tissue. 14 Another advantage of the technique is not requiring external compression. Unlike the case for other organs, many factors have been reported to influence the ARFI examination of the kidney. 9 Factors associated with renal heterogeneity and anisotropy such as pressure applied on the transducer, location of the sampling areas with regard to the main axis of renal pyramids, and cortical or medullar location of region of interest have been reported to influence ARFI measurements. 9 Thus, the pathologies affecting a complex organ such as the kidney may not be explained by the changes in one or a few parameters. The kidney is an organ that has a rich perfusion and that takes up 25% of the cardiac output, whereas renal perfusion pressure, blood flow and filtrate volume, urine pressure variation, and ARFI imaging can affect SWV values and even hide pathologies.
1 A standard measurement procedure is needed to minimize the effect of all these varieties on renal ARFI measurements.
Renal venous hypertension is argued to be the cause of hormonal and structural changes in the left kidney in nutcracker syndrome. Chronic renal venous hypertension and congestion are held responsible for the mechanism causing orthostatic proteinuria. There is a close association among the structural changes of glycosaminoglycans, renal congestion, and angiotensin II blood levels. 3 Angiotensin II shows its vasoconstrictor effect predominantly in the postglomerular arteriole, increasing intraglomerular pressure and the harm that causes the selective molecular transmission from glomerular capillary walls. These two mechanisms can be among the factors that play a role in the formation of orthostatic proteinuria. The use of angiotensin-converting-enzyme inhibitor therapy in the treatment of orthostatic proteinuria supports the angiotensin II theory. 3 There is very limited information in the literature about the histopathological changes that occur in the left kidney of nutcracker syndrome patients. Ozcan et al 3 reported minimal increase in glomeruli capillary wall thickness, minimal mesangial hypercellularity, and an increase in amount of mesangial matrix in some glomeruli on light microscopy in nutcracker syndrome patients. In addition, they reported that glomerular epithelial cells were swollen on electron microscopy and the patients' cytoplasm was "watery" in appearance. Decrease in SWS values of the left kidney in nutcracker syndrome may be a result of renal softening, and this critical finding may be related to these electron microscopic changes, such as "swollen glomerular epithelial cells" and "cytoplasms in 'watery' appearance." In nutcracker syndrome, the changes in the left kidney ARFI SWS values could be due to the fact that renal congestion and the hypertension causing structural changes in the kidneys are probable angiotensin II effects. We are of the opinion that the decrease in SWS values of left kidney SWS in nutcracker syndrome can be explained by microstructural changes that occur in a chronic process. However, when the presence of multiple factors affecting ARFI measurementsm, such as heterogeneity and anisotropy of renal parenchyma and GFR, urinary pressure, and other extrinsic changes, are taken into consideration, the decrease in SWV values of the left kidney compared with the contralateral kidney may not be explained by only chronic renal congestion and probable angiotensin II changes. Our study showed no statistically significant correlation between SWV values of nutcracker syndrome patients and vein diameter ratio, peak velocity ratio, or RI. This findings suggested no correlation between the compression level of the left renal vein and elastographic findings. Ultrastructural changes may be better correlated with compression level of the left renal vein in the affected kidney in nutcracker syndrome. However, they are not significantly correlated with SWV values of ARFI.
The main limitation of our study is that there was no pathological correlation with renal cortical stiffness assessed by SWV. Further studies are needed to understand the pathophysiological changes in nutcracker syndrome and their effects on kidney parenchyma elasticity. In conclusion, ARFI is a promising technique, pending further study, and ARFI elastography may shed light on understanding the pathophysiological changes that occur in nutcracker syndrome.
